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Abstract 


This  study  investigates  the  atmospheric  flight  dynamics  of  a  munition  system  that  is 
released  from  an  aircraft  at  altitude  and  drops  toward  a  target  on  the  ground.  The  munition 
system  consists  of  two  projectiles  connected  by  a  tether  line.  Initially,  the  two  projectiles  are 
rigidly  attached.  At  a  specified  time,  the  projectiles  separate  and  subsequently  unreel  the 
tether  line.  After  the  tether  line  is  fully  payed  out,  the  system  settles  toward  a  steady  state  as 
it  approaches  the  ground.  It  is  shown  that  while  projectile  position  results  converge  for  a 
relatively  low  number  of  tether  line  elements,  the  maximum  tether  loads  require  a  significantly 
larger  number  of  elements.  For  a  low  follower-to-lead  projectile  mass  ratio,  the  tether  line 
unreeling  process  is  predominantly  due  to  the  follower  and  lead  projectile  separation. 
Conversely,  for  a  high  follower-to-lead  projectile  mass  ratio,  the  tether  line  tends  to  billow 
and  subsequently  unreel  itself,  independent  of  the  lead  and  follower  projectile  motion. 
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1.  Introduction 


Connecting  two  bodies  by  means  of  a  tether  has  been  utilized  in  many  aerospace  applications 
including  tethered  spacecraft  [1,  2],  aircraft  air  refueling  [3,  4],  and  atmospheric  balloons  [5]. 
More  recently,  designers  have  concepted  weapon  systems  with  two  projectiles  connected  by  a 
tether  line  [6].  In  these  concepts,  the  lead  projectile  is  generally  a  munition  and  the  follower 
projectile  is  a  sensor  platform.  The  scenario  investigated  here  assumes  the  weapon  is  released 
from  an  aircraft  at  altitude  and  drops  to  a  target.  Initially,  both  projectiles  are  rigidly  attached. 
The  projectiles  separate  and  at  a  prespecified  time  the  tether  line  begins  to  unreel  When  the 
tether  line  is  completely  payed  out,  the  system  approaches  a  steady-state  as  the  projectiles  and 
tether  line  approach  the  target.  A  schematic  of  the  various  flight  phases  for  the  weapon  system 
concept  is  shown  in  Figure  1.  The  work  presented  here  first  develops  a  flight  dynamic  model 
suitable  for  simulating  the  event  described.  This  model  is  subsequently  exercised  to  investigate 
how  primary  system  design  parameters  such  as  projectile  mass  ratio,  drag  coefficient  ratio,  and 
tether  stiffness  effect  overall  performance  of  the  weapon. 

2.  Dynamic  Model  for  a  Fully  Deployed  Tether 


As  previously  mentioned,  the  actual  weapon  system  consists  of  two  projectiles  connected  by 
a  flexible  tether.  This  is  modeled  as  a  series  of  nodes  or  beads  connected  by  springs  and 
dampers  arranged  in  parallel,  as  depicted  in  Figure  2.  The  lead  and  follower  projectiles  are 
assumed  to  be  stable  and  are  modeled  as  point  masses  with  three  translational  degrees  of 
freedom.  Likewise,  each  tether  bead  is  modeled  as  a  point  mass,  also  with  three  translational 
degrees  of  freedom.  Both  projectiles  and  the  tether  beads  are  acted  upon  by  gravitational, 
aerodynamic,  and  elastic  forces.  The  lead  and  follower  objects  are  designated  as  the  0  and  n 
nodes,  respectively.  The  tether  is  split  into  n — 1  point  mass  beads  are  designated  by  j,  and  n  line 
elements  are  designated  with  i.  The  earth’s  surface  is  used  as  an  inertial  reference  frame.  Air 
density  is  computed  using  a  standard  atmosphere  model  [7]. 
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Weapon  Release 


Target  Impact 


Figure  1.  Flight  Phases  for  the  Weapons  Systems  Concept 
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When  the  tether  is  fully  deployed,  the  equations  of  motion  for  the  follower  projectile  (n)  and 
the  jth  tether  bead  are  given  in  equations  1  and  2. 
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The  lead  projectile  (0)  equations  are  identical  in  form  to  equation  1.  The  elastic  forces  are  due  to 
the  spring  and  damping  characteristics  of  the  tether.  These  forces  are  always  parallel  to  the 
direction  of  the  line.  In  order  to  express  the  tether-bead-applied  loads  concisely,  the  position  and 
velocity  matrices  shown  in  equations  3-6  prove  useful. 
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Stiffness,  damping,  mass,  and  unloaded  element  length  matrices  are  given  as  equations  7,  8,  9, 
and  10. 


K  =  [k0  kx  •••  k^]. 

(7) 

C  —  ftp  Cj  •••  cnJ. 

(8) 

M  =  [m0  ml  •••  mj. 

(9) 

L  —  \}o  A  " '  K-:  ]  • 

(10) 

As  shown  in  equation  11,  the  length  of  each  tether  element  is  equal  to  the  total  length  divided  by 

the  number  of  tether  beads,  with  the  exception  of  the  elements  directly  connected  to  the  lead  and 

follower  projectiles  which  are  given  by  equation  12. 
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With  the  previous  definitions,  the  magnitudes  of  the  tether  forces  are  given  in  equations  13  and 
14. 
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Ft,  =  K  FTi  ...  Fr>J. 


(13) 


Fr  = 
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The  elastic  tether  forces  expressed  in  inertial  coordinates  are  shown  in  equation  15. 
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The  tether  line  forces  exerted  on  adjacent  masses  are  equal  in  magnitude  and  opposite  in 
direction. 

The  follower  projectile  drag  force  is  given  in  equation  16. 
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The  projectile  drag  coefficients  are  Mach-number  dependent  and  are  computed  by  linear 
interpolation  of  tabulated  data. 

The  aerodynamic  force  on  the  tether  line  includes  skin  friction  drag  along  the  tether  line  and 
flat  plate  drag  perpendicular  to  the  tether  line  [8].  To  determine  the  tether  drag,  it  is  useful  to 
define  a  unit  vector,  as  shown  in  equation  17. 
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As  shown  in  Figure  3,  the  tether  line  unit  vectors  are  used  to  express  the  velocity  of  each  bead 
into  components  along  and  normal  to  the  adjacent  drag  elements.  Note  that  the  aerodynamic 
force  acts  on  a  bead  even  when  the  tether  line  is  slack.  The  skin  friction  and  flat  plate  drag  for 
each  element  are  given  by  equations  18  and  19. 


Figure  3.  Aerodynamic  Velocities  Diagram. 
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The  tether  bead  aerodynamic  forces  expressed  in  the  inertial  frame  are  shown  in  equation  20. 
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3.  Tether  Line  Deployment  Model 

As  the  lead  and  follower  projectiles  separate,  the  tether  line  pays  out.  The  two  aspects  to 
modeling  this  process  are  the  pay  out  of  the  tether  line  from  the  lead  projectile  and  the  motion  of 
released  tether  line.  Two  methods  for  modeling  the  released  tether  line  motion  were  examined: 
the  pop-out  and  all-out  deployment  methods. 

The  pop-out  tether  deployment  model  initially  places  all  tether  beads  on  the  lead  projectile. 
As  the  tether  line  is  payed  out,  beads  are  released  from  the  lead  projectile  into  the  atmosphere.  A 
bead  is  not  placed  into  the  atmosphere  until  a  sufficient  length  of  line  has  been  unreeled.  Using 
the  pop-out  method,  only  a  fraction  of  the  tether  beads  are  dynamically  active  in  the  atmosphere 
during  deployment.  When  a  bead  is  placed  into  the  atmosphere,  it  is  placed  along  the  line  from 
the  release  point  to  the  last  bead  released,  and  initial  conditions  are  established  such  that  the 
elastic  force  across  the  line  is  unchanged.  This  tends  to  prevent  a  discontinuity  in  the  line  out 
rate  due  to  bead  release.  However,  because  aerodynamic  forces  act  on  the  bead  immediately 
after  it  is  released,  a  slight  perturbation  is  generally  observed  when  a  bead  is  released.  When  a 
bead  is  released,  the  mass  of  the  lead  projectile  is  reduced  by  the  released  bead  weight;  the  length 
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from  the  release  point  to  the  last  tether  bead  released  is  reset  along  with  the  stiffness  and 
damping  coefficients  of  the  exiting  tether  line. 

The  all-out  tether  deployment  model  places  all  beads  into  the  atmosphere  immediately  after 
the  projectiles  are  separated.  The  mass,  stiffness,  and  damping  characteristics  of  the  tether  line 
elements  are  continuously  updated  as  the  line  is  payed  out.  Initially,  the  mass  of  each  bead  is 
small  and  as  line  is  released  from  the  reel,  the  mass  of  each  bead  increases. 

The  tether  reel  is  assumed  to  consist  of  a  rotating  reel  acted  on  by  the  exiting  bead  elastic 
force.  The  elastic  force  between  the  lead  object  and  the  neighboring  bead  acts  on  the  reel  to  pay 
out  the  tether  line.  The  reel  has  a  resistance  force  of  1  lb,  which  opposes  the  unreeling  process. 
The  equation  governing  the  dynamics  of  the  tether  line  unreeling  process  is  shown  in  equations 
21  and  22. 


(21) 


(mr  -ml-s)2 
_  _ 


(22) 


When  the  full  length  of  tether  line  has  been  reached,  the  acceleration  and  the  velocity  of  the  reel 
are  set  to  zero. 


4.  Simulation  Results 

A  key  question  for  simulating  the  weapon  system  described  is  how  many  elements  should  be 
used  to  model  the  tether.  As  the  number  of  degrees  of  freedom  increases  linearly  with  the 
number  of  beads,  it  is  obviously  desirable  to  use  relatively  few  beads.  To  investigate  this  matter, 
the  equations  documented  were  simulated  for  varying  tether  discretizations.  Typical  values  were 
selected  for  a  2,000-lb  bomb  lead  projectile  released  from  a  fighter  aircraft  and  a  follower 
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projectile  that  is  a  sensor  platform.  Table  1  lists  the  nominal  values  used  in  the  simulation. 
Figure  4  plots  the  maximum  position  error  of  the  follower  projectile  as  a  function  of  the  number 
of  beads  used  to  model  the  tether  line.  The  reference  trajectory  used  to  compute  the  error  at  each 
time  was  the  simulated  trajectory  using  200  beads.  Because  the  lead  projectile  is  much  heavier 
than  the  follower  projectile,  its  trajectory  is  modified  much  less  than  the  follower  projectile’s 


Table  1.  Nominal  Simulation  Values 


Projectile  Follower  Frontal  Area 

1.77  ft2 

Projectile  Follower  Weight 

19.62  lb 

Projectile  Follower  Initial  Forward  Velocity 

500  ft/s 

Projectile  Follower  Initial  Vertical  Velocity 

Oft/s  1 

Projectile  Follower  Initial  Side  Velocity 

Oft/s 

Projectile  Lead  Frontal  Area 

1.77  ft2 

Projectile  Lead  Weight 

1,9621b 

Projectile  Lead  Initial  Forward  Velocity 

500  ft/s 

Projectile  Lead  Initial  Vertical  Velocity 

Oft/s 

Projectile  Lead  Initial  Side  Velocity 

Oft/s 

Coefficient  of  Drag  Ratio  (Follower/Lead) 

2/1 

Reel  Radius 

0.25  ft 

Reel  Weight 

51b 

Tether  Length 

1,000  ft 

Tether  Weight  Per  Unit  Length 

0.01  lb 

Tether  Diameter 

0.0082  ft 

Tether  Stiffness 

62,500  lb-ft/ft 

Tether  Damping  Constant 

0.30 

Skin  Friction  Drag  Coefficient 

0.007 

Flat  Plate  Drag  Coefficient 

1.100 

Release  Altitude 

25,000  ft 

Separation  Time 

0  s 

Total  Simulation  Time 

45  s 

trajectory,  with  the  addition  of  tether  line  coupling.  For  a  low  projectile  mass  ratio,  follower 
projectile  trajectory  deviations  represent  the  worst  case.  As  shown  in  Figure  4,  even  for  a  small 
number  of  beads  (n  =  10),  the  maximum  error  in  the  follower  trajectory  is  small.  Using  both 
tether  deployment  schemes,  Figure  5  plots  the  maximum  tether  line  force  vs.  the  number  of 
tether  beads.  For  the  configuration  considered  here,  where  the  tether  line  is  released  from  the 
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lead  projectile,  the  maximum  tether  line  load  occurs  shortly  after  the  tether  has  fully  deployed. 
This  point  is  called  the  snatch  load.  Figure  5  shows  a  significant  difference  in  the  maximum 
tether  line  load  between  the  all-out  and  pop-out  methods.  The  all-out  tether  deployment  scheme 
predicts  significantly  lower  maximum  loads  than  the  pop-out  method.  The  trend  for  the 
maximum  acceleration  of  the  follower  is  similar  in  nature  to  the  maximum  tether  line  load  trend. 
In  the  pop-out  method,  beads  are  released  into  the  atmosphere  continuously  during  tether 
deployment.  When  a  bead  is  released,  aerodynamic  forces  immediately  act  on  the  bead  and 
subsequently  induce  vibration  throughout  the  tether  line.  This  vibration  wave  along  the  tether 
line  increases  the  maximum  tether  line  load  experienced  during  the  event.  Furthermore,  Figure  5 
shows  that  to  predict  the  maximum  line  load,  a  large  number  of  tether  beads  is  required 
compared  to  predicting  follower  projectile  position.  Moreover,  using  a  low  number  of  tether 
beads  to  predict  the  maximum  tether  line  force  is  nonconservative. 


Figure  4.  Maximum  Position  Error  of  Follower. 
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2800 


Figure  5.  Maximum  Line  Load. 

Because  the  all-out  tether  deployment  method  does  not  introduce  spurious  tether  line 
vibration  when  releasing  a  bead,  as  the  pop-out  method  does,  modeling  tether  line  deployment  is 
seen  as  a  superior  technique.  However,  Figure  6  shows  that  the  all-out  tether  deployment  model 
incurs  significantly  higher  computation  time.  Figure  6  plots  the  total  number  of  time  steps  to 
perform  a  simulation  vs.  the  number  of  tether  beads.  A  fifth  order  Runge-Kutta  adaptive  time 
step  numerical  integration  scheme  was  used  to  integrate  the  equations  of  motion.  Figures  7  and 
8  show  the  density  of  integration  steps  taken  vs.  time  for  the  pop-out  and  all-out  methods, 
respectively.  In  the  all-out  method,  all  beads  are  released  into  the  atmosphere  when  the 
projectiles  separate.  Initially,  only  a  small  amount  of  line  has  been  released  from  the  reel,  thus 
the  bead  mass  is  small  and  the  equations  of  motion  are  relatively  stiff.  Typically,  the  numerical 
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Figure  6.  Total  Number  of  Time  Steps. 

integrator  significantly  slows  down  immediately  after  the  beads  are  released  and  also  at  the 
snatch  load  point.  On  the  other  hand,  the  pop-out  method  gradually  releases  beads  as  line  is 
payed  out.  Hence,  during  deployment,  the  pop-out  method  integrates  fewer  equations  of  motion 
and  has  larger  bead  masses  compared  to  the  all-out  method.  The  increase  in  steps  near  the  end  of 
the  simulation  is  a  result  of  the  lead  projectile  hitting  the  ground. 


5.  Effect  of  Projectile  Drag  Coefficient  Ratio  for  a  Low 
Mass  Ratio  Configuration 

The  separation  dynamics  are  driven  in  large  part  by  the  difference  between  the  drag  forces  on 
the  lead  and  follower  projectiles.  One  of  the  primary  questions  designers  are  faced  with  is  how 
to  shape  the  follower  projectile  to  unreel  the  tether  line  over  a  specified  duration  for  time,  while 
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Number  of  Time  Steps  Number  of  Time  Steps 


Time  (s) 


Figure  7.  Number  of  Steps  vs.  Time  for  the  Pop-Out  Method. 


Figure  8.  Number  of  Steps  vs.  Time  for  the  All-Out  Method. 
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at  the  same  time  limiting  the  tether  line  maximum  loads  and  the  follower  projectile  acceleration 
at  the  snatch  point.  This  section  shows  the  basic  response  for  various  projectile  drag  ratios  when 
the  follower  projectile  weight  is  1%  of  the  lead  projectile.  Figure  9  plots  the  range  of  the  lead 
and  follower  projectiles  for  five  different  lead-to-follower  drag  coefficient  ratios  (1.25,  1.50, 
1.75,  2.00,  and  5.00).  The  shape  of  the  drag  coefficient  curve  vs.  Mach  number  is  identical  for 
both  projectiles.  For  a  given  drag  coefficient  ratio,  the  lead  and  follower  trajectories  overlay  one 
another.  As  would  be  expected,  a  decrease  in  range  is  noticed  when  the  follower  projectile  drag 
coefficient  is  increased.  As  shown  in  Figure  10,  when  the  follower  drag  coefficient  is  increased, 
the  tether  line  pays  out  more  rapidly  so  that  the  tether  line  tension  on  the  lead  projectile  is  higher 
over  a  longer  portion  of  the  trajectory,  which  contributes  to  decreased  range.  For  a  drag 
coefficient  ratio  of  5.0,  the  decrease  in  range  of  15%  is  substantial;  however,  the  corresponding 
decrease  in  the  tether  deployment  time  is  approximately  1  s. 


Figure  9.  Range  of  Lead  and  Follower  (Lead/Follower  Mass  Ratio  1%). 
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Figure  10.  Lineout  (Lead/Follower  Mass  Ratio  1%). 


Figure  1 1  plots  a  sequence  of  frames  that  show  the  tether  shape  during  a  typical  event  for  a 
low  projectile  mass  ratio  configuration.  Notice  that  these  results  are  for  the  pop-out  method  with 
a  projectile  drag  coefficient  ratio  of  2.0.  The  lead  projectile  is  on  the  right  side  and  the  follower 
projectile  is  on  the  left  side  of  the  tether  line.  The  diamond  on  the  tether  line  indicates  where  the 
maximum  load  in  the  tether  line  is  located  at  that  time  instant.  The  line  fully  deploys  in  less  than 
5.67  s  and  hits  the  snatch  load  in  frame  3.  Notice  the  maximum  line  load  is  at  the  lead  projectile. 
After  the  first  snatch  condition,  the  line  goes  slack  and  bunches  (as  shown  in  frames  4,  5,  and  6). 

The  line  encounters  a  second  snatch  condition  at  t  =  7.83  s,  as  shown  in  frame  7.  At  the 
second  snatch  load  condition,  the  maximum  tether  line  load  is  at  the  follower  projectile.  As 
shown  in  frame  10,  the  projectile  combination  eventually  settles  into  a  steady- state  drop  by 
approximately  t  =  8.955  s.  In  frame  12,  the  lead  projectile  has  already  impacted  the  ground.  The 
maximum  tether  line  load  moves  back  and  forth  along  the  tether  line  throughout  the  event. 
However,  for  this  configuration  the  overall  maximum  line  load  occurs  at  the  first  snatch 
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Figure  11.  Pop-Out  Method  Tether  Shape  Sequence  (Mass  Ratio  1  % ;  Drag  Ratio  2/1) 


condition  at  the  tether  line  and  the  lead  projectile  connection  point.  Figure  12  plots  the 
magnitude  of  the  inertial  velocity  of  the  lead  projectile.  For  the  configuration  analyzed,  the 
steady-state  drop  velocity  is  larger  than  the  release  velocity  so  the  lead  projectile  increases  its 
speed  over  the  trajectory  until  it  impacts  the  ground  and  its  velocity  goes  to  zero.  As  expected, 
when  the  follower  projectile  drag  is  increased,  the  lead  projectile’s  speed  is  reduced  and  it  takes 
longer  to  hit  the  ground.  Figure  13  shows  the  speed  of  the  follower  projectile  over  the  trajectory 
for  different  drag  coefficient  ratios.  Notice  that  all  traces  show  the  same  characteristics. 
Because  the  steady- state  drop  velocity  of  the  follower  projectile  is  lower  than  the  aircraft  release 
speed,  the  follower  projectile  initially  slows  down.  The  difference  in  speed  between  the  lead  and 
follower  projectiles  pays  out  the  line. 

When  the  tether  line  is  fully  deployed,  the  tether  line  grabs  the  follower  and  rapidly  increases 
its  speed.  The  follower  then  rebounds  toward  the  lead  projectile,  so  much  that  the  tether  line 
goes  slack.  With  the  line  slack,  the  follower  projectile  again  slows  down  to  seek  its  steady- state 
drop  velocity.  This  oscillation  continues  until  a  steady- state  condition  is  arrived  at  where  the 
lead  and  follower  projectiles  fall  at  the  same  speed.  At  the  end  of  the  trajectory,  the  lead 
projectile  impacts  the  ground  and  shortly  after  the  tether  line  goes  slack;  again,  the  follower 
projectile  slows  down  and  approaches  its  steady- state  drop  velocity.  Figure  14  shows  a  bar 
graph  of  the  maximum  tether  line  tension  for  different  drag  coefficient  ratios  using  both  tether 
deployment  methods.  Notice  that  increasing  the  drag  coefficient  ratio  increases  the  maximum 
tension.  Thus,  one  must  take  care  in  selecting  the  drag  coefficient  ratio  and  avoid  exceeding  the 
ultimate  line  strength.  Corresponding  to  Figure  14,  Figure  15  shows  the  maximum  acceleration 
of  the  follower  projectile.  The  maximum  acceleration  also  increases  with  an  increased  drag 
coefficient  ratio. 

6.  Effect  of  Projectile  Drag  Coefficient  Ratio  for  a  High 
Mass  Ratio  Configuration 

This  section  considers  the  system  response  for  various  projectile  drag  ratios  when  the 
weights  of  the  follower  and  lead  projectile  are  equal.  The  range  of  the  lead  and  follower 
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Figure  12.  Speed  of  Lead  Projectile  (Lead/Follower  Mass  Ratio  1%). 


Figure  13.  Speed  of  Follower  Projecile  (Lead/Follower  Mass  Ratio  1%). 
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Figure  14.  Maximum  Line  Load  (Lead/Follower  Mass  Ratio  1%;  100  Beads). 


Figure  15.  Maximum  Acceleration  of  Follower  (Lead/Follower  Mass  Ratio  1%; 
100  Beads). 
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projectiles  for  the  same  five  lead-to-follower  drag  coefficient  ratios  considered  are  plotted  in 
Figure  16.  For  drag  ratios  of  1.75  and  less,  the  tether  line  never  becomes  fully  extended  before 
the  lead  projectile  contacts  the  ground  and  the  lead  and  follower  trajectories  overlay  one  another. 
As  with  the  1%  mass  ratio  study,  a  decrease  in  range  is  noticed  when  the  follower  projectile  drag 
coefficient  is  increased.  For  drag  coefficient  ratios  of  5.0  and  2.0,  the  lead  and  follower 
trajectories  do  not  overlay  one  another  because  oscillations  from  snatch  have  not  died  out  before 
the  lead  projectile  comes  in  contact  with  the  ground.  As  shown  in  Figure  17,  when  the  follower 
drag  coefficient  is  increased,  the  tether  line  pays  out  more  rapidly.  Except  for  the  high  drag 
coefficient  ratios,  this  does  not  have  the  effect  of  reducing  the  range  of  the  lead  projectile  as  the 
1%  mass  ratios  did.  Since  the  tether  line  for  the  low  drag  coefficient  ratios  never  fully  extends, 
the  lead  and  follower  projectiles  approach  their  steady-state  drop  velocities  with  a  slack  tether 
line. 


Figure  16.  Range  of  Lead  and  Follower  (Lead/Follower  Mass  Ratio  100%). 
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Time  (sec) 

Figure  17.  Lineout  (Lead/Follower  Mass  Ratio  100%). 

Figure  18  plots  a  sequence  of  frames  that  show  the  tether  shape  diming  a  typical  event  for  a 
high  projectile  mass  ratio  configuration.  These  results  are  for  the  pop-out  method  with  a 
projectile  drag  coefficient  ratio  of  5.0.  As  before,  the  lead  projectile  is  on  the  right  side  and  the 
follower  projectile  is  on  the  left  side  of  the  tether  line.  The  diamond  on  the  tether  line  indicates 
where  the  maximum  load  is  on  the  tether  line  at  that  instant.  In  frame  1,  the  two  projectiles 
begin  to  separate  due  to  the  drag  on  the  follower  projectile.  As  the  tether  is  affected  by 
aerodynamic  drag,  it  begins  to  billow  out  in  the  shape  shown  in  frame  2.  Frames  3  and  4  show 
that  the  tether  line  is  pulled  out  mainly  due  to  the  aerodynamic  load  on  the  exposed  tether  and 
not  from  the  position  difference  of  the  follower  and  lead  projectiles.  It  requires  a  relatively  long 
time  for  the  drag  of  the  follower  to  overcome  its  momentum;  consequently,  snatch  does  not 
occur  until  approximately  23.94  s  in  frame  5.  As  with  the  1%  mass  ratio  case,  the  maximum  line 
load  occurs  between  the  connection  point  of  the  lead  projectile  and  the  first  bead.  After  snatch, 
the  tether  line  reacts  differently  than  the  1%  mass  ratio  configuration.  Instead  of  the  tether 
bunching,  a  whipping  action  is  imparted  to  the  tether  and  the  follower  increases  in  velocity 
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Figure  18.  Pop-Out  Method  Tether  Shape  Sequence  (Mass  Ratio  100%;  Drag  Ratio  2/1) 
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as  it  swings  downward  and  then  again  upward  through  the  line  (as  shown  in  frames  6  and  7). 
This  action  creates  the  potential  for  the  entanglement  of  the  tether  line.  As  shown  in  frame  8, 
snatch  occurs  again  at  approximately  34.2  s  and  the  maximum  line  load  is  again  at  the 
connection  point.  This  is  the  point  in  time  at  which  the  overall  maximum  line  load  occurs,  and 
not  at  the  initial  snatch  point.  Frame  9  shows  that  the  snatch  load  causes  the  follower  to  fly 
forward  in  an  upward  swing.  As  the  projectiles  approach  the  ground  in  frame  10,  the  follower  is 
significantly  ahead  of  an  extended  trailing  position  that  is  achieved  for  the  1%  mass  ratio 
configuration.  Frame  11  shows  that  the  follower  projectile  lands  past  the  lead  when  the  two 
projectiles  come  in  contact  with  the  ground.  Figure  19  plots  the  magnitude  of  the  inertial 
velocity  of  the  lead  projectile.  Unlike  the  low  projectile  mass  ratio  case,  the  lead  projectile’s 
speed  is  greatly  affected  by  the  snatch  load  for  the  drag  coefficient  ratio  of  5.0.  The  other  traces 
do  not  exhibit  this  characteristic  because  snatch  does  not  occur,  or  occurs  just  prior  to  the  lead 
projectile  hitting  the  ground.  Figure  20  demonstrates  the  increases  in  the  speed  of  the  follower 
due  to  the  whipping  actions  presented  in  Figure  18  for  the  drag  coefficient  ratio  of  5.0.  The  lead 
and  follower  projectiles  never  enter  into  a  steady- state  condition,  as  in  the  1%  mass  ratio  case. 


Figure  19.  Speed  of  Lead  Projectile  (Pop-Out  Method  -  Lead/Follower  Mass  Ratio  100%). 
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Figure  20.  Speed  of  Follower  Projectile  (Pop-Out  Method  -  Lead/Follower 
Mass  Ratio  100%). 


7.  Effect  of  Tether  Stiffness  for  a  Low  Mass  Ratio 
Configuration 


This  section  shows  the  basic  response  for  various  tether  stiffness  values  when  the  follower 
projectile  weight  is  1%  of  the  lead  projectile.  Figure  21  plots  the  range  of  the  lead  and  follower 
projectiles  for  5  different  stiffness  values  (10,000  lb-ft/ft,  25,000  lb-ft/ft,  50,000  lb-ft/ft,  62,500 
lb-ft/ft,  and  75,000  lb-ft/ft).  As  shown  in  Figure  21,  all  the  trajectories  coincide,  indicating  that 
the  tether  stiffness  has  no  noticeable  effect  on  the  range  of  the  lead  and  follower  projectiles. 
Figure  22  shows  that  the  same  is  hue  for  the  lineout  rate.  Figure  23  shows  the  speed  of  the  lead 
projectile  for  various  tether  stiffness  values.  Except  for  a  slight  decrease  at  the  point  of  snatch, 
the  tether  stiffness  has  no  effect  on  the  lead  projectile’s  speed  either.  The  speed  of  the  follower 
projectile  is  plotted  in  Figure  24.  A  decrease  in  tether  stiffness  allows  the  oscillations  caused  by 
snatch  to  persist  for  a  slightly  longer  period  of  time.  However,  even  for  a  stiffness  value  of 
10,000  lb-ft/ft,  the  oscillations  die  out  and  a  steady-state  condition  is  achieved  at  approximately 
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Figure  21.  Range  of  Lead  and  Follower  (Lead/Follower  Mass  Ratio  1%). 


18  s  into  the  flight.  Figure  25  shows  a  bar  graph  of  the  maximum  tether  line  tension  for  different 
tether  stiffness  values  using  both  deployment  methods.  Notice  that  increasing  the  tether  stiffness 
increases  the  maximum  tension.  A  corresponding  graph  is  shown  in  Figure  26  for  the  maximum 
acceleration  of  the  follower  projectile.  These  two  graphs  demonstrate  that  in  order  to  decrease 
both  maximum  line  loads  and  the  g  forces  on  the  follower  projectile,  tether  stiffness  should  be 
minimized. 


* 
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Velocity  (ft/s)  Lineout  (ft) 


Figure  22.  Lineout  (Lead/Follower  Mass  Ratio  1%). 
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Velocity  (ft/s) 
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120 


A  dynamic  model  was  developed  in  order  to  study  the  dynamics  of  two  projectiles  that  are 
connected  by  a  tether  line.  Two  methods  of  modeling  tether  line  deployment  were  studied.  The 
pop-out  method,  which  gradually  releases  beads  into  the  atmosphere,  is  numerically  more 
efficient  but  has  the  disadvantage  of  introducing  tether  vibration  when  beads  are  released.  The 
all-out  method  requires  significant  computation  time  since  when  all  beads  are  initially  released, 
the  bead  masses  are  very  small  and  the  equations  of  motion  are  relatively  stiff.  This  problem  can 
be  avoided  by  initially  deploying  enough  line  so  that  the  equations  can  be  efficiently  integrated. 
While  the  position  trajectories  converge  for  less  than  10  tether  bead  elements,  the  convergence 
for  maximum  tether  line  force  requires  more  than  100  elements.  If  this  munition  system  is  being 
simulated  solely  to  obtain  trajectory  information,  then  a  model  that  utilizes  a  low  number  of 
beads  (<  10)  is  sufficient.  On  the  other  hand,  if  the  simulation  tool  is  going  to  be  used  for 
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trajectory  calculations  and  internal  loads  estimation,  then  a  much  higher  order  system  must  be 
used  (>  100). 

Simulation  results  for  the  different  follower-to-lead  projectile  weight  ratio  shows  that 
different  mechanisms  unreel  the  tether  line  depending  on  the  follower  projectile  weight.  For  a 
low  follower-to-lead  projectile  mass  ratio,  the  tether  line  is  unreeled  by  the  difference  in  position 
between  the  projectiles.  For  a  high  mass  ratio,  the  tether  line  aerodynamic  force  unreels  the 
tether  line.  Hence,  the  tether  line  unreels  itself. 

Although  the  tether  line  stiffness  has  very  little  affect  on  the  position  dynamics,  it  does 
strongly  influence  dynamic  loading.  From  a  design  standpoint,  a  low  stiffness,  high  ultimate 
strength  tether  material  is  most  desirable.  Proper  tether  material  selection  must  consider  both 
ultimate  line  strength  and  tether  stiffness  because  they  affect  loads.  For  a  low-mass  ratio 
configuration,  an  increase  in  the  follower-to-lead  projectile  drag  coefficient  ratio  has  the 
expected  effect  of  decreasing  tether  line  deployment  time  and  increasing  tether  line  loads  and 
follower  projectile  maximum  acceleration. 
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Position  vector  components  of  the  jth  bead  in  the  inertial  reference  frame. 
Drag  force  in  the  inertial  reference  frame  for  fully  deployed  model. 

Elastic  line  force  of  the  ith  element  in  the  inertial  reference  frame. 

Weight  of  the  jth  bead. 

Air  density  at  the  altitude  of  the  follower  object. 

Projected  area  of  the  follower  object. 

Wetted  area  of  the  ith  element. 

Cross-sectional  area  of  the  ith  element. 

Velocity  of  the  jth  bead  normal  to  ith  tether  element. 

Velocity  of  the  jth  bead  normal  to  ith-l  tether  element. 

Velocity  of  the  jth  bead  parallel  to  ith  tether  element. 

Velocity  of  the  jth  bead  parallel  to  ith-l  tether  element. 

Skin  friction  drag  force  applied  to  the  jth  bead  due  to  the  ith  tether  element. 
Skin  friction  drag  force  applied  to  the  jth  bead  due  to  the  ith- 1  tether  element. 
Flat  plate  drag  force  applied  to  the  jth  bead  due  to  the  ith  tether  element. 

Hat  plate  drag  force  applied  to  the  jth  bead  due  to  the  ith- 1  tether  element. 
Coefficient  of  drag  for  the  follower  object. 

Coefficient  of  the  skin  friction  drag. 

Coefficient  of  the  flat  plate  drag. 

Unit  vector  of  the  ith  element. 

Position  difference  between  each  node  for  the  jth  element  in  the  inertial 
reference  frame. 

Velocity  difference  between  each  node  for  the  jth  element  in  the  inertial 
reference  frame. 

Distance  between  each  node  for  the  ith  element. 

Magnitude  of  the  velocity  difference  between  each  node  for  the  ith  element. 
Stiffness  coefficient  for  the  ith  element. 

Damping  coefficient  for  the  ith  element. 

Mass  of  the  jth  bead. 

Mass  of  the  reel. 

Tether  line  mass  per  unit  length. 
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Length  of  tether  assigned  to  each  mass. 

Unstretched  length  of  the  ith  element. 

Magnitude  of  the  elastic  line  force  for  the  jth  element. 

Total  length  of  tether  line  out. 

Acceleration  of  the  exiting  tether  line. 

Resistance  force  of  the  reel. 

Mass  moment  of  inertia  for  the  reel. 

Radius  of  the  reel. 

Number  of  the  follower  object. 

Bead  index. 

Line  element  index. 
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